such as miR-141 9 and miR-192 12 which are overexpressed exclusively in endometrioid and mucinous carcinomas, respectively. They might hence be diagnostic biomarkers in these tumor subtypes. Also other miRNAs have been shown to be valid prognostic and predictive biomarkers in ovarian carcinomas 11, 13 . For example, overexpression of the miR-200 family [14] [15] [16] [17] is correlated with a better response to paclitaxel in patients with OC 18 , and miR-9 upregulation was associated with an improved outcome 19 and sensitivity to cisplatin 20 . Recently, circulating miRNAs such as miR-21, miR-200c, and miR-1246 were demonstrated in the blood of patients with OC 21, 22 . Despite the increasing interest in the role of miRNA in ovarian carcinogenesis, little is known about this topic in the less common malignant tumors of this site. We therefore investigated the expression status of miRNAs belonging to the miRNA-192/215 family, namely miR-192, miR-194, and miR-215, in different types of ovarian tumors, ranging from sex cord tumors to various carcinomas.
Results
Bioinformatic analyses. Downstream analyses of miRNA-seq data gave informative results on 66 samples out of 89. The DESeq. 2 analysis found a mean of 250 miRNAs differentially expressed in each group (data not shown). We narrowed down these results taking into consideration only miRNAs showing more than 4-fold overexpression and Padj minor of 0.005. Using these guidelines/parameters, we found that the miRNAs belonging to the miR-192/215 family were consistently upregulated in mucinous carcinomas (Supplementary Material  Table 1 ). The differential expression analysis for the mucinous group (n = 3 mucinous carcinomas) against all other subgroups (n = 63) gave the following results: miR-192 log2FoldChange of 6.01 (padj = 1.6e −11 ), miR-194 log2FoldChange of 5.9 (padj = 8.86e −12 ), and miR-215 log2FoldChange of 5.8 (padj = 2.6e
−7
).
Real-Time qPCR analyses.
Since the number of mucinous carcinoma samples analyzed for miRNA differential expression was low (n = 3), we decided to validate the bioinformatic analyses performing Real-Time qPCR for the mentioned miRNAs in an independent cohort of 73 samples from several subgroups of ovarian tumors, i.e., different histological subtypes of carcinoma as well as sex cord-stromal tumors, among which were included samples from 19 mucinous carcinomas. The results obtained by Real-Time qPCR are shown in Fig. 1 . At least two of the miRNAs analyzed were upregulated with a mean >6-fold change in most mucinous carcinomas (16 out of 19, 84%; Fig. 1A ). The same family of miRNAs was downregulated in all the other types of ovarian tumors (Fig. 1B) . Among the mucinous carcinomas, mir-215 showed the highest expression levels (mean = 14.1, median = 11.3) compared to miR-194 (mean = 12.5, median = 8.9) and miR-192 (mean = 5.5, median = 3.8). The thecofibroma group of tumors showed the lowest normalized relative expression level for miR-192 (mean = 0.002, median = 0.00012), whereas fibromas showed considerably higher expression levels (mean = 0.15, median = 0.07). Among ovarian carcinomas, the lowest expression levels for miR-192 were found in the clear cell subgroup (mean = 0.02, median = 0.01) followed by the endometrioid (mean = 0.04, median = 0.04) and low-grade serous carcinoma (LGSC) and HGSC which showed identical values (mean = 0.06, median = 0.03). miR-194 was downregulated in both fibromas (mean = 0.15, median = 0.1) and thecofibromas (mean = 0.11, median = 0.08). MiR-194 was highly downregulated in clear cell (mean = 0.04, median = 0.04) and endometrioid carcinomas (mean = 0.08, median = 0.04), whereas the two serous carcinoma subgroups showed moderate downregulation (LGSC: mean = 0.2, median = 0.1; HGSC: mean = 0.11, median = 0.9). miR-215 was downregulated in both sex-cord tumors and carcinomas (see Table 1 for expression levels). Real-time qPCR for the thymidylate synthetase (TYMS), Zinc finger E-box-binding homeobox 2 (ZEB2), and Mouse double minute 2 homolog (MDM2) genes was performed as these genes are known to be targeted and regulated by the miR-192/215 family 23 . The expression levels of the three mentioned genes were similar in all ovarian tumors included in our series. No significant inverse correlation was found between the expression of these genes and expression of miR-192, miR-194, and miR-215 in the mucinous carcinomas or in the other groups of ovarian tumors analyzed (data not shown). 
Discussion
Several studies have identified different miRNA signatures in the various types of OC and some of these miRNAs are successfully used as diagnostic and prognostic markers 17, 24, 25 . miR-200a and miR-200c were found upregulated in serous, endometrioid, and clear cell carcinomas, whereas miR-200b and miR-141 overexpression was characteristic of the endometrioid and serous histotypes 9, 26 . Moreover, endometrioid carcinomas have shown upregulation of three additional miRNAs, namely miR-21, miR-203, and miR-205 9 . Calura et al. 12 found the clear cell histotype to be characterized by a higher expression of miR-30a whereas mucinous tumors had higher levels of miR-192 and miR-194 12 . Our results are in accordance with previous findings inasmuch as both miR-192 and miR-194 were found overexpressed in mucinous carcinomas but downregulated in the other histotypes. However, we found also another miRNA belonging to the same family upregulated in the majority of mucinous carcinomas, miR-215. This further emphasizes the specificity of the expression profile of this miRNA family in mucinous ovarian carcinomas and highlights the possibility that these molecules may be used as diagnostic biomarkers.
We report for the first time the extent to which miR192/215 is expressed in sex-cord stromal tumors showing that all three miRNAs are downregulated similarly to what is seen in all OC histotypes with mucinous carcinomas as the sole exception. The miR192/215 family is known to be downregulated in different malignancies such as renal cell carcinoma 23 , colorectal cancer 27 , and multiple myeloma 28 . Our analysis showed variable expression of miRNAs in the mucinous tumors; more precisely, in three carcinomas, all three miRNAs were down-regulated, two tumors showed overexpression of miR-194 and miR-215 but downregulation of miR-192, and the last three carcinomas showed no expression of the three miRNAs. We checked if the observed expression differences among the mucinous samples correlated with parameters such as tumor stage, grade, recurrence, or time of death, but found nothing (Table 2) . However, the three cases showing miRNA downregulation did present some special features such as a mixed mucinous and endometrioid histotype in case 1, atypia in case 4, and neuroendocrine differentiation in case 9 ( Table 2) . Our results further revealed that, besides general downregulation of miR-192 in sex cord-stromal tumors, fibromas and thecofibromas differed in their expression levels: expression of miR-192 was ten times higher in fibromas than in thecofibromas.
It is presently unknown what lies behind the different expression profiles within the miR192/215 family of miRNAs, if it is attributable to a genomic rearrangement such as loss of chromosomal material from 1q41 and 11q13 (where these miRNAs are located) or if some epigenetic silencing mechanism is operative. Additional studies should shed more light on the importance of these pathways.
Previous studies showed the miR-192/215 family of miRNAs to be downregulated in renal cell carcinoma 23 and multiple myeloma 28 . When expression of this family of miRNAs is restored in these malignancies, the miRNAs act as tumor supressors repressing the oncogenes TYMS, ZEB2, and MDM2 23, 28, 29 . In order to gain new insights into the pathogenesis of mucinous carcinomas in particular, and ovarian carcinomas in general, we checked the expression status of the aforementioned three genes targeted by the miR-192/215 family, expecting to find different expression patterns in mucinous carcinomas compared to the other groups of ovarian tumors analyzed. Interestingly, the mean expression of the three genes (TYMS, ZEB2, and MDM2) was upregulated in all ovarian tumor subtype analyzed. These results suggest that also other mechanisms than miRNAs are active in the regulation of these genes in ovarian tumors. Recently, Zhang et al. 30 showed that miR-192/215 can also act as oncomirs promoting epithelial-mesenchymal transition in gastric cancer repressing the tumor suppressor gene nonsense mediated mRNA decay associated PI3K related kinase (SMG1). These findings suggest that the miR192/215 family miRNAs may exert oncogenic functions in mucinous carcinomas.
Material and Methods
Tumor material. The LGSC as well as 10 thecofibromas and 10 fibromas) were used as an independent series to validate the results from NGS and bioinformatic analyses. As part of this validation, 12 mucinous carcinomas were yet again reexamined by an expert pathologist, immunostained for CK7 and CK20, and additional staining was performed for PAX8 to identify the primary versus metastatic origin of the ovarian tumor (Table 2, Fig. 2 ). Seven additional mucinous carcinomas were retrieved from the Pathology biobank to further validate the data regarding this subtype ( Table 2 ). The study was approved by the regional ethics committee (Regional komité for medisinsk Total RNA extraction. Total RNA was extracted using miRNeasy Kit (Qiagen, Hilden, Germany) and QIAcube (Qiagen) according to the manufacturers' recommendations. RNA concentration and purity was measured using a Nanovue Spectrophotometer (GE Healthcare, Pittsburgh, PA, USA).
miRNA sequencing. miRNA sequencing was performed on 89 samples at the Norwegian Sequencing
Center at Ullevål Hospital Oslo (https://www.sequencing.uio.no/). The sequencing library was created using the ScriptMiner Small RNA-seq Library Preparation Kit (Epicentre, Madison, WI, USA). RNA was sequenced using an Illumina HiSeq. 2500 instrument and the Illumina software pipeline was used to process image data into raw sequencing data. Only sequence reads marked as "passed filtering" were used in the downstream data analysis.
Bioinformatic Analyses. The raw data were trimmed using Cutadapt 31 and the quality of the reads was checked with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The reads were aligned using the alignment program STAR 32 . The miRNA detection rate was assessed for each sample by correlating the number of reads mapped to reference miRNAs obtained from a freely available miRNA database (http://www.mirbase. org/) and the number of detected miRNAs. An arbitrary cutoff was set at 1.5 million mapped reads as suggested by Metpally et al. 33 , and all samples whose reads were below that threshold were removed from further analyses (13 out of 89). Finally, the read counts were analyzed for differential expression using the Bioconductor package DESeq. 2 34 comparing each tumor histotype against all the others. Only results with a padj minor of 0.005 were considered.
Real-Time Polymerase Chain Reaction (Real-Time PCR).
The expression of the miRNAs and genes analyzed in this study was assessed with Real-Time qPCR on 73 samples. The PCR analyses were performed 36 . The mean Cq values of RNU6B for each sample were checked to be in the range 26-27 before performing the relative normalized expression to avoid bias in the expression analysis.
Gene expression. One µg of extracted total RNA for each tumor was reverse-transcribed in a 20 μl reaction volume using iScript Advanced cDNA Synthesis Kit according to the manifacturer's instructions (Bio-Rad Laboratories, Oslo, Norway). Gene expression was assessed with Real-Time PCR using the TaqMan Gene Expression Assays (Applied Biosystems) for ZEB2 (Hs00207691_m1), MDM2 (Hs00540450_s1), and TYMS (Hs00426586_m1). RPL4 (Hs_01939407_gH) was used as a reference gene because it shows stable expression in ovarian cells 37 . 
